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1. INTRODUCTION

Radar signals may be scattered from particulate clouds (e.g. dust,
water droplets, aerosols, free electrons) through two processes. The
first process is the incoherent addition of power from each individual
particle. We call this incoherent scattering. If the particulate cloud
is nonuniform in density, then semicoherent scattering may result from
the irregularities, In some environments, specifically in free electron
plasmas, semicoherent scattering from irregularities in the electron
plasma may be 106 to 1010 times more intense than the incoherent

scattering.

Scattering measurements in high-explosive-produced dust clouds, the
subject of principal concern here, have always been interpreted as though
the scattering were due only to the incoherent process. The question of
whether coherent scattering effects can contribute to the measured radar
returns has been raised. To shed some light on this possibility, we
present in this document analytical formalisms that allow us to relate the
comparative intensity of the two scattering phenomenon to the particulate
environmental properties of explosive-produced dust clouds., Finally, we
make quantitative estimates of the contributions of the two processes to
determine whether radar backscatter data interpretation should consider
the coherent scattering process. Since the two scattering processes have
very different frequency dependencies, it was also thought that the analyvsis
might provide insight into another technique that could be useful in
diagnosing dust cloud properties, As we shall show, for likely models of
dust clouds, coherent backscattering (radsr mode) is probabliy not signifi-
cant, This then indicates that the frequency dependence of multifrequency

radar backsceactey dita 1s directly reiatable to particle size distribution.

In Section 2 of this repart, we present, but do not show the
derivetion ol the eya-vyovn- that describe the two kinds of «catterung
procuesses, and necscat A yodel of the "turbutent” dielectrie fluctuwtions

that we hed ve okl evdaote the conditions av g auxainy interfaoce between
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dust-laden and clean air. Section 3 presents dust particle size density

distribution data obtained from aircraft flights through the 'Middle Gust-

Mixed Company" test dust cloud. From this data, we developed a size

distribution model for use in our comparisons.

In Section 4, we use the information in Sections 2 and 3 for

quantitative comparisons. We consider both our "Middle Gust-Mixed Company''

dust model and unlikely particle size distributions that favor coherent

scattering. Section 4 also summarizes our scattering equations. Section

5 presents our conclusions,
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2. SCATTERING FORMULAS

Here we define our terminology and present analvtical results, let

the probability that a particle has a radius between a and a + da be

given by the function p(a). Then the following is true:

p(a)  da i ()

We shall assume that the particle-size probability-density distribution

function pa) is not a function of position x. let the number of

% Y S Y~ » - .
particles em at position x be n(x), Usually, the number of particles

Y

o) : : " -
cm s not available.  The mass density of dust added to the atmosphere

is more often provided.  This mass density is given by :

@

- - N 45t 3
mx) nix) pla) 2 ei a da (2)
. O

L

In this cquation, sphervical particles ave assumed: o4 is the density |
« |
of the material of which the particles are made. VFor example, 04
S
ftor water droplets would be about 1.0, The dust particles we are

concoerned with often have o oi ~ 2.0,
L

The scattering of radar signals from the particles will be described
by a two-region model., In the small particle sirze region, the cross
section is given by the Rayleigh scattering cross section.  For our study,

this cross section is given adequately as:

5 . |
a(a ) Ina (ka) . a<e )\ (SR
i
7

LA




that the particulate dielectric constant is

For simplicity, we assume

'_' =
1 a -
J significantly greatey than 1.0, The quantity 1 is the radar wavelength, <
1l
‘ and K Do %, When the particle becomes large compared to a wavelength,
3 then the radar cross section is geometric; s cross section is given as:
)
ola,)) nn as> )\ (1)
1
i
{ We would normally assume that the transition from one rvegion to the other
| takes place at a transition particle radius given by:
|
il
&
N . (0
t g, "o

In fact, for most of the work presented in this section, the radar wave-

length {s so much larger than most ot the dust particle radii that we
will safely assume a scattering cross section as given by Eq (3)., (In
later scections we shall use the two-region cross section formalism

scattering per unit volume by

desceribed by Egs (3) through (). The

the incoherent process is given by:

o

n o plads(a 2\ )dda (8)

‘2

O

The quantity n is the expectation particle number density (humber

N 3 3 .
G )., The semicoherent scattering cross section per unit volume s

given by

o & s 3 J
o n’ pla) | ~(a,\) da {2y -‘.\(-k\-“ﬂ“ (7)
P d .
j CRY
- K g e - 1
e missing ftactor that multiplies Fq (3) is l ‘ « For our

work with the ratio of coherent to incoherent scatter, this tean

cancels,

e canfho bl S b s EA.
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9
In this equation, gn is the variance in fluctuations in particle number

density., The integral, in essence, sums the scattering amplitudes of the
individual particles. The scattering amplitude is taken as the square
root of the particle cross section, 'The quantity 53 is the in-situ three-~
dimensional spatial frequency power spectrum of dust density fluctuctions,
In Eq.(7), we assume that the radar beam travels along the x axis. The
power spectrum is evaluated at kv = kz = 0. The x value is shown as

.,

2 kx where k\ = This power spectrum is defined as the Fouriji~r trans-

form of the three-dimensional spatial correlation function for density
fluctuations. This correlation function is normalized to have a value of :

1.0 at O spacing and a value of 0 at very large spacing. We note that in

—_— 3
the Rayleigh region the quantity /~(a,>) is proportional to a , so the

integral in Eq. (7) is proportional to mass density as given by Eq, (2).

Our discussion is really concerned with the ratio of coherent scatter

to incoherent scatter, This ratio is given by:

-

g 2 . 3 3 *

28 LB (__’—) i (30) 5,(2k ,0,0). (8)
o i % X

oy % 470 4 .6

We have written the ratio in this manner to emphasize quantities either

that our intuition can relate to or that are measured in field

2/=2
experiments, The first quantity, Ln//n is the square of the fractional
density fluctuations, This quantity is sometimes referred to as the

square of the condensation ratio, or simply as the condensation ratijo.

= 3 3
The quantity m is the expectation mass density in g/cm . The quantities

3 and 16 are the appropriate moments of the particle size distribution.

a c

E ¢ .

)
* wh— - s |
The ratio 13 1h used here ignores the transition from the Rayleigh
scattering cross section to geometric, In our numeric results ’
presented in Section 4, we use the two-region description. ’
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To evaluate the importance of coherent scattering phenomena relative

{
{
|
i to that of incoherent backscattering, we will have to estimate the various
ﬁ quantities in Eq, (8). To the best of our knowledge, there have been no
1
! measurements of the condensation ratio. During the early stages of high-
i explosive-produced dust clouds, dust-laden air probably encircles clean air,
4 in which case the condensation ratio will have a large value, perhaps

approaching 1.0, As time progresses, the dust diffuses and turbulent mixing

enhances this diffusion, so we assume that the condensation ratio decreases
to significantly smaller values. This ratio ought to be largest near the

edges of dust clouds, where dust-laden vortex rings mix with clean air,.

|
!
1
|
{
|
{ The quantity 5, the average dust density in the dust cloud, was
~? measured in field experiments and found to have values as high as several

-3 ¢ - 3
times 10 /cm to values below 10 5 g/cm . We shall investigate this

below,

3 3
For our work here, we shall assume that od = 2 g/em (125 1lbs/ft ).

The ratio of the third moment to the sixth moment of the dust-particle

size distribution is discussed in Section 3. Data that permit us to

accurately estimate this ratio are extremely sketchy.

Our concern is with dust mixing in an isotropic, turbulent medium.

Under these circumstances, it is traditional to assume that the power

spectrum, @2, is given by the Kolmogorov spectrum, It is also traditional

to assume that the relevant part of that spectrum is the inertial subrange

in which the spectrum varies as given in Eq. (9).

-11/3
8, (k) e (k) 4 ) (9)

F | The form we will actually use is given in Eq. (10):

g s (@ o b . 2p -3 T 1 |
4 P - D) . |
3 M [aTep =3 1+ bEHP (10)
4 !
| 4
|+
10
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The quantity b, which is a linear distance in centimeters, is traditionally
chosen to be about the size of the input eddies. Traditionally one chooses
a value tor b on the order of 110 the scale of the hydrodynamic turbulent
11
6
il we choose o value of p 2, the result will be very close to that of

vegion,  According to Eq, (10), we should use a value ot p However,

Eq. (9); furthermore, real-world experiments tind values of p that range

from 116 to 3.5, Finally, by assuming a value of 2 for p, the derived one-
-

dimensional spectrum is proportional to k|, a value consistent with the

spectrum expected for two turbulent mixing media, We therefore feel

Justified in accepting the analytical simplicity of the result of using

p 2. When these concepts are all assembled, we obtain Eq., 11:
= 5 2 - 3 b
« n m a b
; RN S e e Y M {11
S d G (1 ¢+ bk
n Qa

The quantity b will take on values of about 100 wm. In this cquation, the
) Ay
value of k is chosen to be 1 We are concerned with
i o o N
A, of I m or less, so that b~k” will be much morve than 1, This leads us

radar wavelengths,

to Eq. (12), which is the scattering formula that we shall use for our

comparisons:

L l;:ﬁi - _‘:i u\"
« [\ - 2 m 3 -V . ‘ ‘ 3 (llb)
) a P 15 bt
n a

The condensation ratio is not currvently predictable tfrom theory
and we know of no measurements; we will leave it to be studied later
as a free parameter,  The moments of the dust particle size distribution
are not well measured but some data are available, These are given in

Section 3,

Note that we have assumed that the dust particle will tflow without
slip with the air turbulence, Actually, the heavier dust particles will
be affected by both air rlow and by gravity, so they may not mirror the
turbulent spectrum of Eqs, (11) and (12). The net result of this is to
reduce the real=world coherent scattering magnitude relative to the
theoretical values that we present below,

11
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3. CHOICE OF A DUST MODEL

A model of the dust-particle size distribution, p(a), needs lo be

developed to calculate the various moments used in the scattering theory,
The most complete data that we now have available of wmeasurements of
particle size distribution ave in Reference 1, bDust density and particle
size distributions were measured by tflying an atirplane through various
parts of the ¢loud several times following surtface high-explosive detona-
tions, Filters were used to collect particles, and microscopic examination
and particle counting were used to determine size distributions, The
experiment of Ret, 1 was very ineftficient at collecting particles with

radii below 10 microns, The smaller particles are more eftficient at

producing coherent scattering than are the larger particles., No one knows
what the particle number density is at those smaller sirzes. We theretore
assume that our model will underestimate somewhat the contribution of the

coherent scattering processes,

The Ret, 1 presents particle size data in two figures and in their
text,  oOur Table 1 attempts to summarivze our intervpretation of theirv
results,  The article is not as clear on several points as we need.,  The
experiment did not sample many aivborne particles with diameters signiti-
cantly greater than 1500 microns,  Therefore, our modeling at larger
sizes than this is an expedient that we use to torce moment integrals
to converge. In fact, the larvgest particle obtained was found in a
tallout collection plate some 5000 tt trom ground rero, This particle

had a diameter ot 7000 microns (7 mm).

fhe data in Table 1 give powver law coetlficients for two parvticle

"

4 " " " =
size regions designated small size and  larvge size, I'he

small sives
sampled were larger than 10 microns, though the data actually presented

L. W, D, Green and P, MceMurry, "Middle Gust-=Mixed Company @
Characterizat lnn," Meteorology Research Inc,
Mixed Company Middle Gust
Vol, 1, DNA=3151 Pl, pp.

Dust
Paper contained in
Results meeting, 13-15 March 1973
151 =462 (UNCLASS I en)y,

12
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in diameter. The power

showed data plullm\ down only to 30 ot 40 wmicrons
1aw t‘m'\'\'\vh-n\s arve, of course, the c-xpum-nl of o power law (it tocally
in the small sive and large size regions. The density |'n'|~.~:m\\ml in the
table was given by the authots pasced on counting part jcles and part jcle
vadit. \uu:—:mm-h as their filters atd not collect p:\rlivlvs he low 10
microns in size, t he actunl dust densities may be preater.
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As a result of studying these data, we have developed an analytical h
model for the function p(a). We note that the data of Table 1 vary
significantly in time and place. Our model, given in Eq. (13) is an

attempt to approximate the general features of the data of Table 1:

12,1 -1 ;
p(a) 3 S 5 (micron ), (13)
5 a ' a . a i
= y 11 5 21
10 1.16 x 10 5.78 x 10

In this expression, the radius, a, is expressed in microns. Our

analytical model contains four power-law regions, At very low particle | 1
sizes, the power-law coefficient is zero. This covers radii smaller 4
than measured in the experiments of Reference 1. At a 10-micron radius, |

the model transits to inverse (rudiu:-:):{. At a 600-micron radius, the | &
equation transits to an inverse (rmlius)“. At a 3000-micron radius, the \' :
model transits to inverse (t'udius)g. This latter choice is in order to | ;

make the sixth order moment integral coverage rapidly. Since there are

no data in that size region, we have chosen this steep power law as an

expedient in the absence of theoretical guidance. Figure 1 plots the
function p(a) (unnormalized) from a radius of 0.1 microns up to 10,000

microns.

Table 2 presents various moments of the size distribution. The table
shows that our model gives a mean radius of 9.8 microns. We also show the
ratio of the third moment to sixth moment as used in kEqs. (11) and (12).
In the next section, we modify this mowent ratio accovding to the two-
region scattering model discussed in Section 2 and its character for

different size particle distributions,

14
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VARLOUS MOMENTS OF

lable 2

PARTICLE

SIZE

DISTRIBUTTON GIVEN BY EQUATLION (13) AND
DUSPLAYED BY FIGURE 1

Moment
Desi wnat fon

Value in
Micron Measure

Value (n

Centimeter

Measure

9,81 micron

'

.\ 4 3
5.72*10 (microns)

13 O
502310 " (microns)
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4. QUANTITATIVE STUDY OF COHERENT VS INCOHERENT SCATTER

Section 2 presented the scattering ratio formula. We indicated
there that the ratio of coherent to incoherent scattering from
particulate clouds depends on the ratio of moments of the particle
size distribution. In this section we present some numerical examples

that demonstrate the effect of this moment ratio.

According to the scattering cross section model presented in
Section 2, particles that were small compared to a wavelength experienced
Rayleigh scattering; large particle scattering was described by a
geometric cross section. Figure 2 presents frequency versus transition
radius in microns., Particle radius frequency combinations below and to
the left of the diagonal line we describe by the Ravleigh cross section.
Combinations to the upper right we describe by a geometric cross section,
We stated in Section 2, that dielectric properties would be ignored by
assuming that the dielectric constant was much greater than 1. In fact,
in the ratio calculations the dielectric constant term cancels, so that

the value of the dielectric constant is not relevant.,

We shall first consider particulate clouds with a single size
particle. Table 3 presents data on various moment ratios for our dust
model of Section 3 and for single size particle distributions. \ctually,

the factors of Table 3 are to be used in connection with Eq. (13) below.

The scattering moment ratio, which is nearly “R ‘ﬁ if particles are very
small compared to wavelength, is given in Table 3 for l-micron through
300-micron size particles., Referring back to kEq., (12), we see that, for
a given mass density and a given condensation ratio, if the cloud is

made of l-micron particles, the ratio of coherent to incoherent scattering
will be 1 million times greater than if all the particles have radii of
100 microns., Rain drops characteristically have radii in excess of 100

microns (0.1 m), so it is seldom expected that scattering from rainfall

would contain coherent contributions. On the other hand, we see that

scattering from extremely fine particulate matter could be totally

17




SCATTERING MOMENT FACTORS

Table

FOR USE

IN EQUATION 15

Numerical

b = = a - - - - -

Continuous size
distribution

10"
3.10°
10"
s3.10"

5

10

1.32.10°1

1.35'10"1

1.71-10"1

1.67-1071

0
3.15-10

Dust N i . 3 6
Frequency | Factor for a a
Mo MHz) Eq.(15)
(microns) ) a. (_'{o (em )
(em™)
Radius
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dominated by coherent

molecules, where the effective

scattering phenomena, Flectrons, atoms, and
radii are very small, are cases in point.

scattering in electron plasmas may exceed incoherent

. > 10
contributions by factors of 10 to 10 .

Indeed coherent

[n Section 2, where we described the scattering formulas, we

assumed that the scattering cross section was Rayleigh over the entire

particle size range. Our numerical answers presented below use the more
complex scattering amplitude weighting formula that pertains for the

Rayvleigh and geometric regions., This expression is given by:

o

T 3 AR ERY ot e

pla)a da + = (52) p(a)a da
o ~2 = 1 "o kRt

i AN m 6\ S e t .

:“— AH'T— i ’——.-_‘_I @© & i o o

C - o) A 3 8 1, % .4 -
I n d b{4x) f p(ada “da . p(ada da + _‘(_-j-) r p(a)a da

(8] (8] :l(
(10

Equation (135) separates Eq. (14) into factors to be chosen and a

factor that we have presented in Table 3. The table shows the ratio of
drd to 6th moments for our dust model, which, of course, does not depend

on radar frequency. For our dust model, we see that at frequencies above
10,000 MHz the two-region scattering model must be used, since significant

contributions to scattering came from particles that are larger than the

transition radius, The effect of having some particles in the geometric
Cross section region is
scattering, but both scattering processes are reduced over what would por-

tain for Rayleigh scattering only,

” 0 % 4
g \n m \
— e ;‘-— ’ lT + (factor from Table 3) (15)
1 - L
n

to enhance coherent effects compared with incoherent

\




As a basis for comparison, we present in lFigure 3 the various cross

. J = - 3
sections per unit volume for an air-laden dust density of 10 cm with
a dust material density of 2,0, Figure 3 shows incoherent scattering
cross section vs frequency for our continuum particle size model,

& expressed earlier in Fg. (13) and Figure 1, We also show the volume

scattering cross section for dust particle clouds in which the particles

1 are all the same size,
3
! 3
4 The coherent scattering cross section for the same density ‘
P 9 |
parameters and a condensation ratio *n: =~ 1, a turbulent input eddy i
size of 100 meters (b 100 meters) are also shown, The input eddy size |
2 . ; |
of 100 m is only a guess that is ~ 1/10th the cloud vortex ring diameter, 5
~ o . . : : : 3
Coherent scattering from a dust-particle sire distribution, as we b,

resented earlier, tends to decrease at high frequencies, as does the
’ s ’

incoherent scattering, because the larger particles become part of the
geometric scattering cross-section region, If all particles were in the
Ravleigh region, then the coherent scattering would be frequency independent,

would not depend on particle size distribution, and would only depend on

the total dust density fluctuations at the appropriate spatial wavelengths,
)

The data presented by Robbiani™ are very difticult to decipher in

terms useful to us, DBut we deduced that his measurements would be like
3 ; ; ¥ -6 2, 3
those indicated at a volume scattering of 10 m m

At the dust level values that we have chosen, coherent scattering

seems unimportant, Figure 4 presents the ratio of coherent to incoherent

i scattering versus frequency for two levels of air~laden dust density,
1 1()-:; and 1(\_7 per vm“. This range probably spans most densities of
L'_ concern to us. These curves are for our continuous particle sirze dust
; ' model, 1If we had wished to use single size particles, sav it all particles
|
i

had radii of 10 microns (an improbable natural distribution) then we might
have found that coherent scattering effects would be important, Ihis

result is readily deduced from Figure 3.

2, W, L, Robbiani, "™Middle North Series Mixed Company Event, X-Band
Radar Reflectivity,” Fort Monmouth, New Jersey, POR 6616, 23 July 1973,
(UNCIASSIFIED),
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g

does not matter. Our model for §3

independent.,

Equation 16 presents the incoherent volume-specific scattering cross

section for our two-region particle scattering model.

The expression a
is the transition radius between Rayleigh and geometric

scattering.

rfat ; 4 = 1
p(a)a da + - 2
2 4(2’1)4 fatp(a)a da

= (16)
I p(a)a3da

: o |

If all particles were of the same size (unlikely) and in the R
region,

ayleigh
then the incoherent Cross-section could be found by:

— & o 17
: o 1 a (17)

Equation 18 presents the volume-specific radar cross section for

coherent scattering from a turbulent dust cloud using our model of the

turbulent spectrum and the two-region scattering model,

r at & - 2
i ‘r p(a)asaa + f p(a)a da
AR 2 .1 9 "® ¢
S el fin T - - i
n 04 I p(a)ana
o

Equation 19 represents coherent scattering when all particles are

in the Rayleigh region. Note that under this condition the coherent cross

section depends only on the density of dust in the air. Particle size

(ﬂ) leads to a result that is frequency -

— 2
- An ._'n—‘.l_.g
e = 5 2 % 8 L9)
n 0d
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5.  CONCLUS TONS

Results of our calculations have been used to compare the intensity
of coherent scattering from density fluctuations in dust clouds with the
intensity of fncohervent scatterving., The calculations were made using a
model of the spectrum of density fluctuations that is consistent with that
expected from turbulent mixing theory. The principal results of our

study are:

(1) The incoherent scattering cross section per unit volume

depends upon the details of the particle size distribution.

(2)  The coherent scatlering cross section does not depend
on the particle size distribution it the larpgest particles

are small enough to be in the Ravleigh region,

(3)Y  The coherent scattering cross section depends on the
square of the air-laden dust density; incoherent

scattoerving depends Hinecarly on this density,

(1) Yor a reasonable choice of dust-particle size distribution,
air-laden dust densities (appropriate to later-time dust
clouds), an acceptable model of turbulent structure, and
an over-estimate of the dust density condensation ratio,
coherent scattoring is weaker than incoherent scatterving,

cxcept at the very lowest radar frequencies,

The above conclusions are based on the assumption that dust particles
oxactly follow air particles. Since the heavier dust particles arve also
affected by pgravity, they will not exactly follow air motion and so will
not mirror small-=scale air turbutence tfluctuations.,  The result is a

further reduction of coherent scattering compared with our predictions,

I one postulates unphysical dust-particle size distributions (tor
example, that all particles are below 10 microns in diameter) and larvpe

-3 3
nir-laden dust density (greater than <10 goem ), thon coherent

it VAN R b R
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scattering can be greater than incoherent scattering at the lower radar
frequencies, In a sense this is exactly the situation for electrons
scattering in turbulent reentry wakes and for scattering that can be
obtained from hot and cold (or dry and moist) turbulent mixing air, In
these circumstances, the particles are electrons and molecules,
respectively, and the scattering can be studied as mixtures of individual
particles, which is how we studied dust, However, we customarily handle
these latter environments in terms of their aggregate properties expressed

in terms of the medium's dielectric constant,

Our most important finding, though, is that interpretation of
multifrequency radar scattering measurements in dust clouds obtained
using scaled beamwidths does not require consideration of semicoherent,
scattering from turbulent mixing of clean and dirty air, especially for

radar frequencies greater than 1000 MHz,

e o
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